The temporal evolution of a high pressure He arc producing nanotubes was considered and the Langmuir probe technique was applied for plasma parameter measurements. Two modes of arc were observed: cathodic arc where discharge is supported by erosion of cathode material and anodic arc which is supported by ablation of the anode packed with carbon and metallic catalysts in which carbon nanotubes are synthesized. Voltage-current (V-I) characteristics of single probes were measured and unusually low ratio of saturation current on positively biased probe to that on negatively biased of about 1-4 was observed. This effect was explained by increase of measured current at the negatively biased probe above the level of ion saturation current due to secondary electron emission from the probe surface. Since utilization of standard collisionless approach to determine plasma parameters from the measured V-I characteristic is not correct, the electron saturation current was used to estimate the plasma density.
I. INTRODUCTION
Relatively high pressure (about several hundred Torrs) anodic arcs demonstrated its efficiency for synthesis of different types of nanostructures, such as single-and multi-wall carbon nanotubes (CNTs), fullerenes, and graphene. [1] [2] [3] [4] [5] [6] [7] [8] [9] Extensive interest to arc synthesized nanostructures stimulates active recent studies of high pressure anodic arcs.
2, [10] [11] [12] [13] Since the arc synthesis occurs in plasma environment, it suggests the application of conventional plasma diagnostics, namely, electrostatic Langmuir probes, for the characterization of plasma parameters.
Utilization of Langmuir probe technique for atmospheric arcs characterized by highly collisional sheath in vicinity of the probe remains the subject of active ongoing investigation. [14] [15] [16] [17] [18] [19] It was shown that even in the case of collisional electron collection, the Boltzmann electron density distribution with the electric field in the region of quasineutral plasma in the probe vicinity is satisfied for probe potentials around and more negative than the floating potential. Boltzmann distribution is satisfied since the diffusional electron flux from plasma to the probe is nearly fully compensated by the electron drift flux from the probe. [14] [15] [16] As a result, the exponential growth of voltage-current (V-I) curve is satisfied in vicinity of floating potential and more negative probes, thus allowing to determine electron temperature using the standard approach of measurement of V-I curve slope in semi-log scale. 14, 15, 20, 21 Several works experimentally demonstrated applicability of the Langmuir probe diagnostics to atmospheric arcs and determined plasma parameters using this simple and reliable method. 15, 16 However, the plasma parameters in these works [14] [15] [16] were measured only inside and very close to the edge of arc column, where plasma densities are relatively high n e ! 10
15

À10
16 cm À3 and ionization degree is about a > 10 À3 À10 À4 . Several specific features should be taken into account for the probe method application to the arc plasma producing nanostructures. First, the synthesis of CNTs and their following transport to the substrate occurs at the region outside the arc column.
2,12,14 The plasma density and, thus, the ionization degree in this region are significantly lower (n e 10 13 cm À3 , a < 10
À6
), and thus, secondary effects induced at the probe surface by excited gas atoms can play a significant role. 22 Indeed, measurements of plasma parameters using Langmuir probes in relatively rarified plasmas of atmospheric pressure dielectric barrier discharge (n e < 10
11
À10
12 cm
À3
) revealed several interesting features that have not find solid explanation yet. 22 It was observed that ratio of saturation current on positively biased probe to that on negatively biased was about 10-15, which is significantly lower than ffiffiffi
(M, m are ion and electron mass, respectively) predicted theoretically for helium. 14 Authors explained this effect by the increase of saturation current to the negatively biased probe due to secondary electron emission caused by Auger de-excitation of long lifetime metastable excited helium atoms at the probe surface. [22] [23] [24] Second, application of Langmuir probes outside the atmospheric pressure arc column has some peculiarities due to large plasma contamination with the synthesized nanoproducts (if measurements are taken not far from the arc column) that leads to an uncontrollable increase of the collecting probe area and short-circuit of the probe with surrounding bodies. 25 Third, measurements of temporal evolution of plasma parameters by the probe can indicate the important data about the arc evolution. The application of the Langmuir probe considering the mentioned above points was not studied previously. In the present work, the electrostatic Langmuir probe techniques were applied to plasma parameter measurements and to study the temporal evolution of high pressure carbon arc in helium producing nanostructures.
II. EXPERIMENTAL DETAILS AND METHODOLOGY
Experiments were conducted in a cylindrical vacuum chamber (270 mm length and 145 mm diameter) schematically shown in Fig. 1 . At first, the chamber was pumped with a rotary pump to the pressure $10 À1 Torr (13 Pa) and then it was filled by helium (He, purity > 99.995%). The He pressure in chamber was controlled in the range from 0.1 Torr to 500 Torr using closed-loop control system described in details in Ref. 13 . Arc was ignited by using a thin fuse wire connected between the arc electrodes, which was exploded and ignited the arc when voltage was applied to the electrodes (Miller Goldstar 500SS welder power supply was used). Arc currents (I arc ) 30-70 A were used. These arc currents corresponded to arc voltages (U arc ) of about 30 V. Arc videos were recorded by a digital camera (15 frames=s).
Arc electrodes were produced from the carbon, with the anode being a hollow tube and the cathode being a solid rod. The cathode had a length and diameter of about 40 mm and 12.5 mm, respectively. The anode had a length of 75 mm before arcing (outer and inner diameters of the anode tube were 5 mm and 3.2 mm, respectively). The anode hole was packed with metal catalysts-Ni and Y and carbon powder, so that total anode composition was C:Ni:Y ¼ 56:4:1 at. % which corresponds to optimal yield of nanotube production. 13 Size of interelectrode gap (h) was varied in the range of 3-7 mm.
Three modifications of single electrostatic probes were used in this work (see Fig. 2 ). First, we utilized two types of non-shuttered probes for measurements relatively far from the discharge (r ! 1.5 cm). In this case, probe contamination with the synthesized nanoproducts was relatively low, and thus, shutter was not used. One modification utilized circular collector oriented perpendicular to radial plasma flow expanding for the gap as shown in Fig. 2(a) (circular probe), while another used large-area prolonged cylinder surrounding the electrode axis, oriented co-axially to the axis and equipped with opening for recording of arc video as shown in Fig. 2(b) , (surrounding probe, the exact sizes will be indicated later in the text). Second, we utilized shuttered single electrostatic probe in vicinity of the interelectrode gap (r ¼ 8 mm, z ¼ 1-2 mm). The probe was equipped with electrically controlled shutter providing exposure times to the plasma environment in the millisecond range (see also Ref. 25) . Fast shutter was used in order to limit the material input to the probe and to prevent its fast deposition by various carbon species synthesized in the arc. Such deposition may lead to uncontrollable growth of collecting area and produce inadequate data. The probe consists of collector (a copper foil strip of 3 mm width was used) installed inside the ceramic tube (alumina tube with outside diameter of 6.3 mm was used) with opening of about 5 Â 3 mm 2 as shown in Fig. 2 (c) (shuttered probe). The cylindrical shutter (made of rolled molybdenum sheet) was closely fit to the outside surface of the ceramic tube and was able to slide along it, so that the collector was exposed to the plasma solely during the period of time when shutter was open. Shutter was controlled using electrically driven solenoid. The collector surface containing nanoproducts deposited on it during the exposition to plasma flux was analyzed using SEM. A 1 kHz voltage sweeping voltage was applied to the probes for measurements of V-I characteristics.
III. EXPERIMENTAL RESULTS
The paper considers relatively wide range of gas pressures (0.1-500 Torr), while the main focus is concerned with 
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A. Background gas pressure influence V-I characteristic of the circular probe [see Fig. 2 (a)] obtained at residual pressure of about 0.1 Torr is shown in Fig. 3 The V-I characteristics demonstrated the ratio of saturation currents to positively (I p ) and negatively (I n ) biased probe of about jI p =I n j $ 10 2 , which is in accordance with conventional collisionless probe theory predicting this ratio to be about ffiffiffi M m q (about 85 for Helium and 140 for Carbon).
14 Note, the electron saturation current for positive probe potentials higher than about 40 V demonstrated unstable behavior appeared as sudden increase of electron saturation current, which may be explained by additional ionization in the probe vicinity. 26 Visual observation of arcing [see inset diagram in Fig. 3(a) ] and post-discharge evaluation of arc electrodes indicated that arc was supported by erosion of the cathode material from the cathode spots, while anode ablation was not observed. The electron temperature determined from the slope of V-I characteristic in semi-log scale [see inset diagram in Fig. 3(b) ] yields T e of about 1-2 eV, which lies in the typical range of T e for cathode jets plasmas. 27 Thus, the measured characteristics for low He pressure arc are consistent with that previously obtained for the conventional cathodic vacuum arcs. 27 The dependences of I n and I p with He pressure increasing are presented in Fig. 4(a) . Currents were measured at 50 ms after arc ignition using surrounding probe shown in Fig. 2(b) . It was observed that I n and I p remained approximately constant with background gas pressure up to some critical pressure and, then, decreased with p. The critical pressure for I n was about several Torrs, which is consistent with previous measurements conducted in Refs. 28 and 29. In addition, it was observed that the behavior of probe V-I characteristics changed dramatically with increase of background He pressure in comparison with that obtained at low pressures, namely, the ratio jI p =I n j decreased from about 100 at 0.1 Torr to about $1-4 for pressures of about several hundred Torrs [see Fig. 4(b) ]. The similar ratios of jI p =I n j of about 3-5 were observed for arcs conducted in Argon pressure of several hundred Torrs.
B. Time dependent arc evolution 1. Arc modes I p , I n , and the ratio jI p =I n j presented in (Fig. 4) correspond to arcing time of about t ¼ 50 ms from the ignition, when the arc image indicates the presence of the cathode spots (CS) mode. 27 At later times (for t > few seconds after ignition, p > 10-100 Torr), when the anode is hot, the arc was switched to another operation mode, namely, to anodic arc (AA) mode. Arc image indicates strong luminescence at the anode side in AA mode. This transition from CS mode to AA mode is illustrated in Fig. 5 , where arc images in both modes and temporal evolutions of I arc and U arc are presented. In the following, let us describe each mode of the arc operation in details on example of 500 Torr arc, corresponding to optimal conditions for synthesis of carbon nanotubes. 13 
CS mode
Typical photograph of the arc in CS mode is shown in Fig. 6(a) . Visual observations of arc and post-experiment evaluation of cathode surface indicate that the arc at CS mode is supported by erosion products expanding as plasma jets generated from the cathode spots and is characterized by relatively high fluctuations of arc voltage due to unstable behavior of cathode spots [see Fig. 6(a) ]. The duration of CS stage was readily controlled by the size of interelectrode gap (h) and value of arc current, namely, increase of h and decrease of I arc led to prolongation of CS stage. It was measured that h increase from 3 to 7 mm led to increase of CS stage duration from $1 s to $2-3 s (for I arc ¼ 55 A, p ¼ 500 Torr) and I arc decrease below 35-40 A resulted in the fact that the arc had not switched to AA mode for the entire duration of experiments (h ¼ 5 mm, p ¼ 500 Torr, experiment duration-about 7s).
Typical probe V-I characteristic for CS mode is presented in Fig. 6(b) . It is seen that the ratio jI p =I n j was about 4, which is more than order of magnitude less than ratio predicted by the collisionless probe theory (about 85).
14 Similar to that mentioned above for the low pressure case, the electron branch of V-I characteristic demonstrated sudden current spikes at high positive biases [as shown in Fig. 6(c)] , that may be due to gas atoms ionization in vicinity of positively biased probe. 26 It may be also argued that these current spikes are caused by the fact that positively biased probe becomes acting as discharge electrode and additional path 
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Application of electrostatic Langmuir probe Phys. Plasmas 18, 073505 (2011) for the discharge current is created (namely, cathodeprobe), since the current spikes were mainly observed at the moments of time when the cathode spot run far onto the side surface of the cathode being closely faced the probe surface.
Figs. 6(d) and 6(e) shows temporal evolutions of I arc and U arc and current pulse detected by the shuttered probe (I probe ) biased to about À50 V with respect to the grounded cathode corresponding to the moment of shutter opening (total charge transfer to the probe was about þ8 mC). Fig.  6 (f) presents corresponding image of the probe collector surface under the SEM. No significant deposition of nanostructures on the collector surface was observed for both positively and negatively biased probes.
AA mode
Typical photograph of AA mode is presented in Fig.  7(a) . The anode is significantly hot and surrounded by the highly luminous anode plume. The in situ and post-experiment evaluation of the arc electrodes indicated that arc was supported by the anode ablation. The anode ablation rate was measured to be $18 mg=s for I arc ¼ 65 A (Ref. 13) , which is significantly larger than that for the cathode spot erosion in CS mode ($1 mg=s using carbon erosion rate of 17 lg=C, see Ref. 30 ). Probe V-I characteristic is presented in Fig. 7(b) for I arc ¼ 55 A, h ¼ 3 mm, and t ¼ 500 ms. It is seen that the ratio jI p =I n j was about 4 similar to that found in CS mode at p ¼ 500 Torr. Figs. 7(c) and 7(d) present temporal evolutions of I arc and U arc and current pulse detected by the probe (biased about þ50 V with respect to the cathode) at the moment of shutter opening (I probe ). The corresponding images showing collector surface after that short expositions to the plasma flux are shown in Figs. 7(e)-7(g). It was observed that large amount of nanostructures containing entangled bundles of CNTs, catalyst, and soot particles was deposited to the probe surface regardless polarity of its bias.
IV. DISCUSSIONS
Let us discuss the measured above probe characteristics and temporal evolution of the arc plasma in both low pressure (<several Torrs) and high pressure ($100 Torr) ranges. First, in the low-pressure range, the arc operated solely in CS mode, i.e., conventional cathodic arc form, supported by erosion from the cathode spots. In high-pressure range, the arc just stars in CS mode and than switches to AA mode supported anode ablation. Second, while the probe data and plasma parameters (electron temperature of $1-2 eV and ratio jI p =I n j of about 100) for low pressures were similar to that measured for the conventional cathodic arc in vacuum, these results are different when He pressure increases to 100 Torr indicating very low ratio jI p =I n j of 1-4. These results can be understood considering influence of the surrounding gas pressure on the anode and probe surface.
In the beginning of high-pressure arc, the anode is cold and the arc is supported by cathode plasma jets up to time when the anode is sufficiently heated by the arc. The anode temperature increased with time during the arc to the level when intense anode ablation, followed by the ionization and excitation of ablated atoms occurs. This explains development of luminous area around the anode observed at arc photographing in the AA stage (see Fig. 5 ). Prolongation of CS stage with decrease of I arc and increase of interelectrode gap h observed experimentally can be explained by decrease of anode heating flux and, thus, increase of time needed for the anode to reach the temperature sufficient to provide anode ablation rate sufficient to support the arc. The probe current decrease with p is caused by damping of plasma expansion by background gas atoms that become significant when Fig. 4(b) was obtained using 2.6 mm diameter circular probe at conditions presented in Fig. 3 . 2011) distance from arc axis to the probe becomes comparable with plasma ion mean free path. 28, 29 An important result mentioned above is that the V-I curves of single probes measured in both AA and CS mode in high pressure arcs demonstrated very low ratio jI p =I n j. It should be noted that low ratios of about 10-15 was reported earlier in Ref. 22 for atmospheric pressure dielectric barrier discharge. In accordance with hypothesis proposed in Ref. 22 , it may be caused by increase of I n above the ion saturation current due to secondary electron emission from the probe by the Auger de-excitation of long living excited background gas atoms (He and Ar were used in this work) on the probe surface. 22, 23 It should be emphasized that the secondary electron current in the conditions measured here may be significantly higher than ion saturation current even for relatively low secondary electron emission coefficients of about 10
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À4 , because the excited atom density can significantly exceed the plasma density ($10 15 À10 17 cm À3 for excited atom density compared to <10 13 cm À3 for plasma density). 14, [22] [23] [24] Note that if the secondary electron emission dominates the ion saturation current, the shape of V-I curve for potentials more negative than plasma potential as well as the value of I n will be significantly deviated from that measured by the conventional one utilized in collisionless case. 14, 20 In this case, the plasma electron temperature and plasma density no longer can be precisely determined using the standard expressions using the slope of V-I curve and the ion saturation current as described in Refs. 14 and 20]. In contrary, the measurements of V-I curve for potentials below the floating potential can be used for determination of the metastable He* density. Such method was proposed by Korzec et al. 23 using an approximation for diffusive flux of metastables to the probe and secondary electron emission coefficient.
However, the secondary electron emission has no influence on the collected currents for probe potentials higher than plasma potential as emitted electrons return back to the probe. 21 Therefore, the plasma density may be roughly estimated from the electron saturation current. To this end, an approximate expression for diffusion electron flux density to the probe was used assuming negligible influence of electric field on the charge particle motion in vicinity of plasma potential. 20, 21 In this case, the plasma density drops from n o in the undisturbed plasma to n o k e a at the distance of one collision from the probe, which finally yields for the electron saturation current: I p % 
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À3
. Now, let us consider possible influence of the synthesized nanoproducts on the probe characteristic of the arc plasma as it was shown that electrical charge is accumulated on the nanostructures exposed to the arc plasma environment. 31 Synthesis of CNTs was obtained only in AA mode since catalyst particles required for CNT synthesis were supplied to the arc just in AA mode, when anode packed with catalysts was consumed. It was experimentally detected that the probe saturation currents in both CS and AA modes were close, although the much larger amount of nanoproducts (CNTs, soot particles) was collected by the probe in AA mode (see Figs. 6 and 7) . This result indicates that currents supplied to the probe are mostly governed by the plasma species (ion and electrons), while contribution of currents delivered with charged CNTs (Ref. 12) is negligible. In addition, the CNT bundles collected on the probe surface were observed in the form of isolated tangles sufficiently separated from each other on the substrate [see Figs. 7(e) and 7(g)]. Therefore, it may be supposed that the CNT bundles had become entangled on the stage prior their delivery to the probe surface, namely, during the synthesis in vicinity of arc column and following transport.
V. CONCLUSIONS
The observed temporal evolution of the carbon arc in helium for the range of pressures from 0.1 to 500 Torr can be summarized as follows. In the case of a high pressures (p $ 100 Torr), the arc starts in the cathode spot mode and was supported by erosion of cathode material from the cathode spots. Few seconds after arc initiation, anode becomes sufficiently hot and the discharge switched to anodic arc mode, where the observed ablation of anode material supports the discharge and nanostructures are synthesized. In the case of a low pressures (less than few Torr), the steady state arc was always supported by the cathode material in CS mode. The measured voltage-current characteristic of single Langmuir probe in high pressures arc shows unusually low ratio of saturation current on positively biased probe to that on negatively biased, which is about 1-4. This result was explained by secondary electron emission from the probe due to the de-excitation of excited background gas atoms at the negatively biased probe surface (p ¼ 500 Torr). Since the shape of V-I curve for potentials less than plasma potential is significantly deviated from that curve measured in low pressure collisionless case, the electron saturation branch of V-I characteristic was used to estimate the plasma density. of the probe collector surface after its exposure to plasma flow for positive (e), (f), and negative (g) bias (p ¼ 500 Torr, h ¼ 3 mm, I arc $ 70 A). The total charge transfers to the probes were À2.1 mC and þ7.8 mC for þ50 V and À50 V probe bias, respectively. The images (e), (h) were taken on the periphery of deposited area to present rarified deposit structure, while the image (f) at the center of deposited area (þ50 V probe bias).
